Background Quantitative assessment of rotator cuff muscle activity is important in the treatment of shoulder disorders. However, the known methods for assessing rotator cuff muscle activity thus far have been inaccurate, invasive, and inconvenient. Questions/purposes (1) Does the activity of the deltoid, supraspinatus, and infraspinatus muscles measured using ultrasound shear wave elastography have a linear correlation with muscle activity assessed using generally used methods, including isokinetic dynamometry and electromyography? (2) Does the activity of the deltoid, supraspinatus, and infraspinatus muscles measured using shear wave elastography show good intraobserver and interobserver reliability? Methods Twelve volunteers participated in intrasession reliability experiments. They were asked to perform isometric abduction, external rotation, and scaption contractions (defined as elevation of the arm within the plane of the scapula with neutral arm rotation) gradually increased from 0% to 75% of maximal voluntary contraction. The joint torque, electromyographic activity, and shear elastic modulus were synchronously measured in the middeltoid, supraspinatus, and infraspinatus muscles. The validity of the elastic modulus value was assessed using regression analysis between normalized torque and electromyographic root mean square values. For intraobserver and interobserver reliability measurements, repeated experiments were performed with the same protocol. Results The shear elastic modulus and normalized joint torque with isokinetic dynamometry showed a linear relationship in all muscles (deltoid, supraspinatus, and infraspinatus) and each of the ultrasonography planes (longitudinal and transverse) (mean R 2 > 0.8 and p < 0.001 for all measurements). For the supraspinatus muscle, the mean slope of the relationship between shear elastic modulus in the longitudinal plane and the normalized joint torque during scaption contraction was 1.28 6 0.39 kPa/% MVC (mean R 2 = 0.93 6 0.21, p < 0.001). Furthermore, similar results were obtained in relation to electromyography root mean square values (mean R 2 > 0.8 and p < 0.001 in all measurements). For the supraspinatus muscle, the mean slope of the relationship between shear elastic modulus in the longitudinal plane and electromyographic (EMG) root mean square was 0.96 6 0.27 kPa/% EMG (mean R 2 = 0.91 6 0.08, p < 0.001). The intraobserver and interobserver reliabilities were excellent in all
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positions (abduction, external rotation, and scaption) and in both the longitudinal and transverse ultrasonography planes (all intraclass correlation coefficients are > 0.85). Conclusions Shoulder muscle activity can be noninvasively evaluated with ultrasound shear wave elastography. Clinician and scientists should consider the application of this technique in cases in which evaluation of shoulder muscle activity is required. The next step after this study will be to check the shear elastic modulus of rotator cuff muscle in patients with rotator cuff tear. We plan to evaluate the correlation between shear elastic modulus and joint torque according to tear size and fatty infiltration status of rotator cuff muscle. Clinical Relevance Shear wave electrography can be used to measure various tissue elasticities in both static and dynamic modes. It may be a useful tool to evaluate pre-and postoperative rotator cuff muscle activity in a relatively simple manner. Shoulder function after reverse total shoulder arthroplasty associated with deltoid muscle activity also may be evaluated. Changes in tissue tightness in shoulder disorders caused by increase soft tissue stiffness (ie, adhesive capsulitis and glenohumeral internal rotation deficit) can be evaluated.
Introduction
Quantitative assessment of rotator cuff muscle activity is important in the treatment of shoulder disorders. Although many evaluation methods have been applied, they all have some limitations. In previous evaluations of muscle functional characteristics, manual measurements were usually performed [17] . However, owing to the limitations of such manual tests such as their subjective reliance on the tester's strength or inability to measure objective values, they have not been generally accepted as valid quantitative assessment methods. Use of the handheld dynamometer and isokinetic dynamometer is currently a feasible method to assess muscle activity, but there are some disadvantages such as inconsistency and lack of stabilization with the handheld dynamometer and a more complicated measurement technique with the isokinetic dynamometer. Electromyography (EMG) is a popular method for evaluating muscle function [4, 12, 15, 20] , but it has limited reproducibility and the risk of injection and pain resulting from needle electrodes [16] . Previous studies have shown that skeletal muscle elasticity measured using magnetic resonance elastography (MRE) shows a linear correlation with muscle activity [1, 10] . However, MRE measurement has some limitations such as high cost, large space requirement, and difficulty with patient positioning [25] .
A new ultrasonography technique in association with elastography for evaluating tissue strain by using acoustic radiation force impulse was developed [18] . Ultrasound strain elastography is an elastography technique that uses light tissue compression to generate strain in living tissues and then maps the strain distribution within the target tissues in real time. In this method, the tissue elasticity is a relative value; that is, tissue elasticity is calculated by comparing the strain value of one tissue with that of another tissue [11] . Previous studies measured the elasticity of various tissues, including rotator cuff muscle and tendon tissues, by using this type of elastography [6, 11, 19] . However, in this type of elastography measurement, there is concern about the limited reproducibility of tissue compressions performed by the examiner. Shear wave elastography (SWE) was recently developed as a new technique for quantifying muscle elasticity [2, 7] . Unlike ultrasound strain elastography, wherein tissue elasticity is evaluated by calculating the deformations associated with static compression imposed by the operator through the ultrasound array, this method measures the velocity of the shear wave generated using focused ultrasound. The square of the velocity is directly indicative of the stiffness of the tissue (ie, shear elastic modulus in kilopascal [kPa] ). SWE has some advantages in terms of simplicity of operation in various experimental settings such as under sterile conditions in the operation room with a sterile drape placed over the ultrasound probe and its relatively low cost [22] . Recently, the SWE technique has been shown to provide reliable measurements of shear elastic modulus in a variety of resting muscles [13] and has also provided evidence of a strong linear relationship between muscle shear modulus and muscle activity or EMG activity levels [3, 14, 25] . However, to our knowledge, no previous study has measured the activity of the rotator cuff muscle by using SWE.
Therefore, we asked: (1) Does the activity of the deltoid, supraspinatus, and infraspinatus muscles measured using ultrasound SWE have a linear correlation with muscle activity assessed using generally used methods, including isokinetic dynamometry and electromyography? (2) Does the activity of the deltoid, supraspinatus, and infraspinatus muscles measured using SWE show good intraobserver and interobserver reliability?
Patients and Methods
Our university institutional review board approved this study, which is a diagnostic study on volunteers without a history of shoulder disease.
Study Participants
Twelve adult volunteers were enrolled. Only people judged to be in good health and with no history of shoulder Volume 476, Number 6 Shear Wave Elastography of the Shoulderdisorders were enrolled. The number of subjects was determined with reference to previous literature. The volunteers were 12 men with a mean age of 30 years (range, 28-34 years), mean height of 177 cm, mean body weight of 77 kg, and a mean body mass index of 30 kg/m 2 . The experimental group consisted of healthy male adults with a mean age of 30 years. Muscle activity may be different in older patients and patients with rotator cuff disease, which is more common in older individuals. Also, absence of female participants can be a significant limitation in extrapolation of this result to the general population. However, because this was a preliminary study assessing the validity of SWE for the measurement of shoulder muscle activity, healthy subjects with good muscle activity had to be evaluated before the method could be applied to patients with rotator cuff muscle disease.
Description of Experiment, Treatment, or Surgery Test Setup
The volunteers were placed in a seated position and stabilized in an isokinetic dynamometer (Biodex system 3; Biodex Corp, Shirley, NY, USA). The shoulder-elbow adapter was adjusted according to the tested muscles including the deltoid, supraspinatus, and infraspinatus muscles. For deltoid activity measurement, the volunteer's elbow was positioned in extension and the forearm in neutral position. The arm was abducted to 45°. To measure supraspinatus activity, the volunteer was positioned with 30°of shoulder abduction in the scapular plane. The elbow was extended, and the forearm and wrist were in neutral rotation. For the infraspinatus, the volunteer's arm was at 30°of abduction and 30°of external rotation with 90°of elbow flexion. Muscle activity was measured with a surface EMG system (Noraxon TeleMyo Clinical DTS system; Noraxon, Scottsdale, AZ, USA). EMG data were collected for the deltoid (electrodes were placed on the lateral aspect of the upper arm, 2 cm apart, and approximately 3 cm below the acromion; Fig. 1A ), supraspinatus (electrodes were positioned 2 cm above the spine of the scapula on the lateral aspect over the suprascapular fossa; Fig. 1B) , and infraspinatus muscles (electrodes were parallel to and approximately 4 cm below the spine of the scapula on the lateral aspect over the infrascapular fossa; Fig. 1C ) [5] . Muscle shear elastic modulus was measured with an Aplio 500 Platinum Series (Toshiba Medical Systems Co, Otawara, Tochigi, Japan) coupled with a linear array probe (5-14 MHz, PLT-1005BT; Toshiba Medical Systems Co). The ultrasound probe was placed in the lateral aspect of the upper arm at 45°abduction for measuring shear elastic modulus of the deltoid muscle (Fig. 2) . For measurement of the supraspinatus muscle, it was located superior to the scapular spine after 30°abduction in the scapular plane. Finally, for measurement of the infraspinatus muscle, in 30°e xternal rotation and 30°abduction, the probe was placed inferior to the scapular spine. A rectangular area was chosen on the screen in the middle of the targeted muscle before contraction for the measurement of shear elastic modulus. There is a possibility that the specified region of interest may not be representative of the condition of the entire muscle. The selected region of interest may have varied between trials and between volunteers. In this study, a rectangular region of interest was selected in the middle of the tested muscle in both ultrasound planes to obtain muscle elasticity measurements most effectively in the test conditions.
We conducted the experiments in the following order. First, the torque signals of the isokinetic dynamometer were synchronized with the surface EMG signals (1500-Hz sampling rate). Subsequently, the volunteers performed 3-second isometric contractions at each posture to measure both the maximal voluntary isometric contraction (MVIC) by using the isokinetic dynamometer and the maximal EMG activity. Then, the volunteers were asked to gradually increase their contraction at a constant speed for 15 seconds up to 75% of MVIC determined with the isokinetic dynamometer under monitoring. During gradual contraction, the volunteers visually monitored the torque signal with a graphic interface and attempted to match the signal to the target ramp (ie, from 0% to 75% MVIC in 15 seconds). In a trial, the volunteers were asked to contract their shoulder muscle gradually up to 75% of MVIC, like in the previous exercise. The shear wave elastic modulus in both the longitudinal and transverse planes was recorded before muscle contraction and continued to 75% of MVIC. The modulus was calculated with the average values in the chosen area at 1-second intervals. There was a 15-minute rest provided between the transverse and longitudinal plane measurements to avoid muscle fatigue. To calculate the intraobserver and interobserver reliabilities, the experiments were repeated by two orthopaedic surgeons (WKJ, H-JH) with sufficient experience in musculoskeletal ultrasonography. For evaluating intraobserver reliability, the same tests were repeated 1 week later by two experimenters. To measure the interobserver reliability, two testing sessions were performed with a 15-minute interval between them to minimize muscle fatigue.
Variables, Outcome Measures, Data Sources, and Bias
For each incremental isometric task, root mean square (RMS) values were calculated from raw EMG data in a 1-second window. Joint torque and EMG RMS values were normalized to MVIC values (calculated during a 500-ms interval centered at maximal torque). Linear regressions were established between the shear modulus and joint torque or EMG levels.
To reduce bias, patients were assisted by our physical therapist to reach 0% to 75% of the target ramp gradually and received visual feedback throughout the trial. The EMG RMS values (measured by H-JH), shear modulus elasticity (measured by KK), and joint torque measured using dynamometry (measured by J-HL) were analyzed by different authors.
Statistical Analysis
Data were analyzed using SPSS 22.0 for Windows (SPSS Inc, Chicago, IL, USA). A p value < 0.05 was considered statistically significant. The validity of elastic modulus value was assessed using regression analysis regression analysis between normalized torque and EMG RMS values. The intraclass correlation coefficients (ICCs) of the elasticity values, measured twice on each plane, were used for reliability determination. ICCs were calculated for the intraobserver and interobserver reliabilities. The ICC is commonly used to measure reliability with a value of 1 representing a perfect correlation. Based on the 95% confidence interval of the ICC estimate, values of < 0.4, 0.4 to 0.59, 0.60 to 0.74, and > 0.75 were considered to indicate poor, moderate, good, and excellent reliability, respectively.
Results

Correlation Between Elastography and Other Assessment Tools
The shear elastic modulus and normalized joint torque showed a linear relationship in all muscles (deltoid, Fig. 2 The ultrasound probe was positioned for measuring the elasticity of the deltoid with the subject in a posture for muscle contraction.
Volume 476, Number 6 Shear Wave Elastography of the Shoulder 1279 supraspinatus, and infraspinatus) and both ultrasonography planes (longitudinal and transverse) ( Table 1 ; Fig.  3A ). In the supraspinatus muscle, the mean slope of the shear elastic modulus in the longitudinal plane and normalized joint torque during the scaption contraction relationship was 1.28 6 0.39 kPa/%MVC (mean R 2 = 0.93 6 0.21, p < 0.001). Furthermore, linear correlation results were obtained between shear elastic modulus and EMG (Table 2 ; Fig. 3B ). In the supraspinatus muscle, the mean slope of the shear elastic modulus in the longitudinal plane and EMG RMS relationship was 0.96 6 0.27 kPa/%EMG (mean R 2 = 0.91 6 0.08, p < 0.001).
Intraobserver and Interobserver Reliability of Shear Wave Elastography
In the determination of intraobserver and interobserver reliabilities, the ICC was > 0.85 in all positions (abduction, external rotation, and scaption); thus, it was considered "excellent" in each of the ultrasonography planes (longitudinal and transverse). In intraobserver reliability, a longitudinal plane scan was considered "excellent" Table 3 ). The interobserver reliability was also calculated. In the longitudinal scan, abduction, external rotation, and scaption were considered "excellent" (Table 4) .
Discussion
Various methods have been applied to measure muscle activity around the shoulder including EMG, the isokinetic muscle test, and strain elastography [4, 15, 20] . However, all of them contained some limitations [11, 16] . SWE is a new ultrasound technology, which can provide quantitative value of tissue elasticity [14] . In this study, we tried to evaluate the usefulness of SWE to measure shoulder muscle activity.
This study has some limitations. First, our study demonstrated high intra-and interobserver reliability, but the study was performed by two skilled orthopaedic surgeons (WKJ, H-JH) who specialize in the shoulder and are experienced in ultrasound examination of the shoulder. Furthermore, the interobserver reliability seen in this study has limited interpretability as a good result because the results were obtained from only two observers. Future studies will need to ascertain whether less experienced surgeons and perhaps ultrasound technicians can replicate these results; this will be important to determine the generalizability of this diagnostic technique in practice. To overcome these limitations, we may be able to suggest several techniques for correct measurement to other researchers such as avoiding too much compression of the probe, positioning the probe exactly vertically in the tissue, and using enough gel to prevent space between the tissue and probe. Second, muscle activity can be distorted in measurements with surface EMG. The muscle activity data that were collected using surface EMG, SWE, and joint torque obtained with an isokinetic dynamometer had good correlation with each other. Therefore, we could conclude that even the muscle activity measured using surface EMG was not distorted.
Shoulder muscle activity is well correlated with the joint torque and muscle activity obtained from surface EMG and can be measured using SWE. Previous studies on the relationship among shear elastic modulus, joint torque, and EMG RMS in biceps brachii muscle showed good linear progression between elastic modulus measured with SWE and torque and muscle activity obtained from the EMG RMS value [14] . Moreover, in this study, the linear regression between the shear elastic modulus and EMG activity level also presented a coefficient of determination that could indicate a sufficient correlation, even with the joint torque. SWE is a useful tool for noninvasively assessing shoulder muscle activity more easily than that using other conventional methods and even other methods such as MRE or positron emission tomography [23] that require a lot of space and are expensive. Muscle activity measured using SWE during muscle contraction had good intraobserver and interobserver reliability in each muscle (middeltoid, supraspinatus, and infraspinatus) and in the two ultrasonography planes (longitudinal and transverse). The use of SWE in muscle has shown good reliability in several studies [21, 24] . It has also shown good intraobserver and interobserver reliability, especially in cadaver studies that measured the elasticity of the supraspinatus muscle [9] .
The essential finding of this study is that shoulder muscle activity is well correlated with joint torque and muscle activity obtained from surface EMG and can be measured using SWE. In our measurement, the longitudinal plane showed higher R values than the transverse plane for all parameters. The reason for this is that when shear waves are emitted from the ultrasound probe and pass through the tissue, in the longitudinal plane, they propagated in the same direction as the muscle fiber. In the transverse plane, the direction of the shear wave is perpendicular to the direction of the muscle fiber, and propagation slows down compared with that in the longitudinal plane. This phenomenon leads to a lower increase of elasticity in the transverse scan than in the longitudinal scan. Therefore, the linear correlation of shear elastic modulus with normalized joint torque and its relationship with EMG RMS is less in the transverse scan than in the longitudinal scan [8] .
In conclusion, shoulder muscle activity can be noninvasively evaluated using ultrasound SWE. We found that it correlated well with conventional (but more invasive and more cumbersome) techniques such as EMG and isokinetic dynamometer. Clinicians and scientists should consider applying this technique in cases in which evaluation of shoulder muscle activity is required. 
